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DIRECTLY HEATED RF PHASE CHANGE
SWITCH

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/008,884 filed on Jun. 6, 2014. The entire
disclosure of the above application is incorporated herein by
reference.

GOVERNMENT CLAUSE

This invention was made with government support under
grant number N00014-13-1-0222 awarded by the US Navy/
Office of Naval Research. The Government has certain rights
in the invention.

FIELD

The present disclosure relates to an RF switch imple-
mented with direct heating of phase change material.

BACKGROUND

Phase change or resistance change materials, such as ger-
manium telluride (GeTe), exhibit two distinct resistivity val-
ues, different by several orders of magnitude, when they
transition between the crystalline and amorphous states.
Advances in micro- and nano-fabrication technology have
made it possible to integrate phase change materials into
digital non-volatile memory cells and more recently in RF
switches. Compared to switches using other solid-state or
MEMS technologies, phase change switches (a.k.a vias) offer
smaller loss for similar switch sizes with competitive linearity
and power handling capability. Recent research also demon-
strated phase change switches with incredibly high power
handling capability and good linearity, making them a strong
candidate for high-power RF applications.

The basic principle of operation for phase change switches
is the thermal transition of the phase change layer between
crystalline (low-resistance) and amorphous (high-resistance)
states. When used as RF switches, the transition between
these two states is typically achieved using either of the two
Joule heating methods: direct or indirect heating, both with
the application of current (or voltage) pulses. In the direct
heating approach, the current is drawn through the phase
change via itself, whereas in the indirect heating scheme, a
heater line is placed adjacent to the switch and is electrically
isolated from the RF path but thermally coupled to the via.

The challenge with direct heating structures in the past,
specifically for RF applications, is that the DC and RF ther-
mal path are not isolated and therefore, the heater cannot be
designed independently. For the heater, high electrical resis-
tance is needed, whereas for the RF path the electrical and
contact resistance should be as low as possible. In the indirect
heating scheme, a separate conductive path is used for the
heater. However, indirect heating schemes have several
issues: 1) higher power is required to phase transition the
phase change layer; 2) the RF connection to the phase change
layer is a local cold spot, resulting in an increased ON resis-
tance. Running higher current through the heater to increase
the temperature at the RF/phase change layer contact
increases the power consumption and may reduce reliability.
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The present disclosure addresses these issues using new
switch structures.

This section provides background information related to
the present disclosure which is not necessarily prior art.

SUMMARY

This section provides a general summary of the disclosure,
and is nota comprehensive disclosure of'its full scope orall of
its features.

In one aspect, an RF switch having two ports is provided.
The RF switch includes: a substrate; a bottom heater elec-
trode disposed onto a surface of the substrate; a phase change
material disposed onto the bottom heater electrode; an input
electrode and an output electrode disposed on opposing sides
of the phase change material and operable to form a conduc-
tive path for an RF signal through the phase change material;
and a top heater electrode disposed onto the phase change
material, wherein the top and bottom heater electrodes are
configured to draw a current through the phase change mate-
rial in a direction transverse to the conductive path.

The top heater electrode and the bottom heater electrode
can have at least one dimension that narrows from both sides
as it approaches a center of the phase change material, thereby
concentrating the heat on the phase change material. The
bottom heater electrode can also overlap with at least a por-
tion of the input electrode and at least a portion of the output
electrode and the bottom heater electrode is electrically sepa-
rated by the phase change material from the overlapped por-
tions of the input electrode and the output electrode.

In some embodiments, a passivation layer may be disposed
between the bottom heater electrode and the substrate. A
protection layer may also be disposed on the top heater elec-
trode and/or the phase change material.

In other embodiments, the input electrode and the output
electrode abut opposing side surfaces of the phase change
material, such that a portion of the input electrode and a
portion of the output electrode protrude into side surfaces of
the phase change material.

In another aspect of this disclosure, a similar arrangement
is provided for an RF switch. In this arrangement, a bottom
heater electrode is disposed onto a surface of a substrate and
configured to concentrate heat at a center of the bottom heater
electrode; a phase change material is disposed onto the bot-
tom heater electrode; an input electrode is disposed on the
phase change layer and configured to conduct an RF signal;
an output electrode is disposed on the phase change layer and
configured to conduct an RF signal, wherein the input elec-
trode and the output electrode abut opposing side surfaces of
the phase change material; and a top heater electrode is dis-
posed onto the phase change material and configured to con-
centrate heat at a center of the top heater electrode, wherein
the top and bottom heater are operable to draw a current
through the phase change material in a direction transverse to
the conductive path.

In yet another aspect of this disclosure, an RF switch is
provided with the RF electrodes and the heater electrodes
interchanged. The RF switch includes: a substrate; a bottom
RF electrode disposed onto a surface of the substrate; a phase
change material disposed onto the bottom RF electrode; two
heater electrodes disposed on the phase change layer, wherein
the two heater electrodes are arranged on opposing sides of
the phase change material and form an electrical heating path
therethrough; and a top RF electrode disposed onto the phase
change material, wherein the top and bottom RF electrodes
are configured to form an RF conductive path which is trans-
verse in relation to the electrical heating path.
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The two heater electrodes can have at least one dimension
that narrows from both sides as it approaches a center of the
phase change material, thereby concentrating the heat on the
phase change material. The two heater electrodes can also
overlap onto a top surface of the bottom RF electrode and
electrically separated from it through the phase change mate-
rial.

In some embodiments, a passivation layer is disposed
between the bottom RF electrode and the substrate. A protec-
tion layer can also be disposed on the top RF electrode and the
phase change material.

In other embodiments, the two heater electrodes abut
opposing side surfaces of the phase change material, such that
a portion of each heater electrode protrude into side surfaces
of the phase change material.

Further areas of applicability will become apparent from
the description provided herein. The description and specific
examples in this summary are intended for purposes of illus-
tration only and are not intended to limit the scope of the
present disclosure.

DRAWINGS

The drawings described herein are for illustrative purposes
only of selected embodiments and not all possible implemen-
tations, and are not intended to limit the scope of the present
disclosure.

FIG. 1A is a perspective view of an example embodiment
of a phase change switch with a direct heating method;

FIG. 1B is a cross-sectional view of the phase change
switch;

FIGS. 2A-2F illustrate an example fabrication process of
for the phase change switch shown in FIG. 1A;

FIGS. 3A and 3B are partial top views of the phase change
switch;

FIGS. 4A and 4B are diagrams of an example heater path
and an equivalent circuit mode of the heater path, respec-
tively;

FIGS. 5A and 5B are cross sectional views of temperature
distribution when a current pulse is applied to an indirectly
heated switch with one single heater line and directly heated
switch, respectively;

FIGS. 6A and 6B are graphs depicting measured and simu-
lated results of the phase change switch at the on state and off
state, respectively; and

FIG. 7 is a cross-sectional view of an alternative embodi-
ment of a phase change switch.

Corresponding reference numerals indicate corresponding
parts throughout the several views of the drawings.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
with reference to the accompanying drawings.

FIGS. 1A and 1B illustrates an example embodiment of an
RF switch 10 with a direct heating method. The RF switch 10
is comprised of two RF electrodes 11, 12 disposed on oppos-
ing sides of a phase change element 13. Depending on the
state of the phase change material, the RF electrodes form a
conductive path through the phase change material for an RF
signal. In the example embodiment, the phase change ele-
ment 13 is comprised of germanium telluride. Other suitable
materials that exhibit variable electrical resistivity depending
on crystallinity, such as germanium antimony telluride or
germanium selenium, are contemplated by this disclosure.

To control the state of the phase change material, the RF
switch 10 further includes a heater formed from two heater

10

15

20

25

30

35

40

45

50

55

60

65

4

electrodes 14, 15. More specifically, a bottom heater elec-
trode 15 disposed onto a surface of the substrate 16. In some
embodiments, a passivation layer 17 (e.g., 1 um thick alumi-
num nitride) may be disposed between the bottom heater
electrode 15 and the substrate 16. A phase change element 13
is disposed onto the bottom heater electrode 15 and a top
heater electrode 14 is disposed onto the phase change element
13. In this way, the top and bottom heater 14, 15 are config-
ured to draw a current through the phase change element 13 in
adirection transverse to the conductive path, as shown in FIG.
1B.

The fabrication process is further described in relation to
FIGS. 2A-2F. In the example embodiment, the fabrication
process starts with the deposition of a passivation layer 17,
such as 1 um thick aluminum nitride, on a silicon substrate 16
as shown in FIG. 2A. Aluminum nitride is chosen in the
example embodiment because of its high thermal conductiv-
ity and low loss tangent at GHz frequencies. The bottom
heater layer 15 is then deposited and patterned as seen in FI1G.
2B. In the example embodiment, the top heater electrode 14
and the bottom heater electrode 15 are comprised of titanium
nitride. Other suitable materials for the heater electrodes
include nickel chromium (NiCr), nickel chromium silicon
(NiCrSi), tungsten (W), platinum and similar metals or metal
alloys.

Next, afirst layer 13 A of phase change material is sputtered
and patterned as shown in FIG. 2C. In the example embodi-
ment, a layer of germanium telluride is sputtered and pat-
terned at thickness of 125 nm. The RF electrodes 11, 12 are
then deposited, for example as a 0.5 um thick gold (Au) layer
with thin titanium (Ti) layers, for example, on both sides as
diffusion barriers. The RF electrodes 11, 12 may be com-
prised of other suitable metals such as copper or platinum.

In the example embodiment, the RF electrodes 11, 12 abut
opposing side surfaces of the phase change element 13. In
some embodiments, the RF electrodes overlap onto a top
surface of the phase change element as shown in FIG. 2D. The
construct of the phase change element 13 is completed by
depositing a second layer 13B of germanium telluride as
shown in FIG. 2E. As a result, a portion of the input electrode
11 and a portion of the output electrode 12 protrude into side
surfaces of the phase change element 13, thereby decreasing
contact resistance between the RF electrodes 11, 12 and the
phase change element 13. In other embodiments, it is envi-
sioned that the RF electrodes 11, 12 abut the side surfaces of
the phase change element 13 without protruding into the side
surfaces thereof (not shown). After deposition of each layer of
phase change material, oven baking at a temperature slightly
higher than the crystallization temperature of the phase
change layer is performed to crystallize the phase change
layer.

Finally, the top heater layer 14 is deposited and patterned as
shown in FIG. 2F. In some embodiments, a second passiva-
tion layer (not shown) may also be deposited onto the top
heater layer 14 and the RF electrodes 11, 12 as the top surface
of the RF switch 10. While an exemplary embodiment of an
RF switch has been described above with specific layers
having specific materials and arranged in a specific configu-
ration, it will be appreciated that this device may be con-
structed with many different arrangements and materials as
necessary or desired for a particular application. The above
arrangement and materials are presented only to describe one
particular embodiment that has proven effective and should
be viewed as illustrating, rather than limiting, the present
invention.

FIGS. 3A and 3B depict a top view of the RF switch 10. The
specific device shown in these figures has an RF connection
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width of 12 um and a spacing of 0.6 pm. In different designs,
the width of the RF electrodes varies from a few nanometers
to a few micrometers, and the spacing between the electrodes
varies also from a few nanometers to a few micrometers. The
top heater electrode 14 and the bottom heater electrode
(shown as a box) each having at least one dimension that
narrows from both sides as it approaches a center of the phase
change material 13, thereby concentrating the heat on the
phase change material. In the example embodiment, the top
heater electrode 14 or the bottom heater electrode 15 having
a shape of a bow tie although other shapes are also contem-
plated by this disclosure. The heater layers are vertically
connected through the phase change via and the overlap
between the top and bottom heater layers is approximately 13
umxS um, with variation among different designs. The two
RF signal pads together with the ground ring form two co-
planar transmission lines with a characteristic impedance of
5082, matching the termination impedance. The central part of
the heater path is made out of titanium nitride (TiN) as indi-
cated at 41 of FIG. 4A, but the heater feed-lines are covered
with gold to ensure that the resistance along the heater path
concentrates in the center germaium telluride (GeTe) area to
effectively heat GeTe volume and obtain reliable phase tran-
sition with minimum power consumption.

FIG. 4 shows the layout and equivalent DC circuit model of
the heater layer path. In FIG. 4B, resistor R, represents the
vertical resistance of GeTe, which varies between the crys-
talline (ON) and amorphous (OFF) states. Resistors R, rep-
resent the TiN sections of the heater path, and R, is the
resistance of each DC pad covered with Au. From modeling
and simulation, the value of R; (GeTe resistance) is smaller
than 5Q at the crystalline state and is above 5 kQ at amor-
phous state. R, is within 5Q as gold is a good conductor. R,
varies between a few 10’s of ohms to about a k€ in different
designs. Therefore, when GeTe is at crystalline state, the
resistance along the heater path is concentrated at the TiN
sections, ensuring that the generated heat is only used to
phase transition GeTe. When GeTe is at the amorphous state,
R, becomes the dominant resistance, and the resistance of
TiN(R,) serves as protection for GeTe, so that once GeTe is
back to the crystalline state, most power is dissipated in the
TiN sections and GeTe is not instantly heated back to the
amorphous state.

Thermal simulations are performed using COMSOL finite
element tool to analyze the joule heating profile. The thermal
profile of directly heated phase change switches is compared
to that using conventional indirect heating method. The size
of the indirectly heated switch is the same as the directly
heated one shown in FIGS. 5A and 5B. However, for the
indirectly heated switch, the heater path is electrically iso-
lated (but thermally coupled) to the GeTe layer by a thin (300
nm) layer of AIN. As shown in FIG. 5A, using the indirect
heating method, most heat generated by the heater is dissi-
pated isotropically and the contact between the RF and GeTe
layers is at a much lower temperature than the heater tem-
perature (indicating a local cold spot at the RF-GeTe contact).
This results in low power efficiency as well as incomplete
state transitions for the GeTe via. The direct heating method,
on the other hand, allows current to flow through the via,
uniformly heating the entire phase change volume. Not only
will this improve the power efficiency, but also complete
phase transition is ensured, resulting in lower ON resistance.
This is one of the advantages of the disclosed directly heated
phase change switch scheme.

DC measurements to verify the biasing condition of the
heater are performed using DC probes and a Digital Multi-
Meter. Joule heating currents are generated using a voltage
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function generator. The initial (ON state) DC resistance of
GeTe along the RF path, after de-embedding the resistance of
the probes and feed-lines, is about 3.9Q in this example. After
applying a heating voltage pulse through the heater layer path
with an amplitude of ~8.5 V and pulse width of 2 us, GeTe is
transitioned to amorphous state with resistance value ranging
from 8 kQ to 100 kQ. By applying a heating voltage pulse
with an amplitude of about 9 V and with a longer falling edge,
GeTe is transitioned back to the crystalline state (ON state).
The required heating power for amorphization and crystalli-
zation of this example switch is ~73 mW and 9 mW, respec-
tively. Transitions between the two states have been per-
formed repeatedly.

RF measurements are performed using Ground-Signal-
Ground (GSG) probes and a network analyzer. The on-wafer
measurement and the ANSYS HFSS electromagnetics simu-
lation results are shown in FIGS. 6A and 6B. The ohmic loss
of probes and signal lines are de-embedded from measured
data. In simulations, the conductivity of GeTe in the crystal-
line state is taken as 5x10* S/m, while its amorphous state
conductivity is taken as 1 S/m. The discrepancy between
measurements and simulations are mostly due to a lower
OFF/ON resistance ratio achieved in this fabrication run.

Previous works analyzed that the power handling of phase
change switches with a structure in which the heater affects a
larger portion of the GeTe volume is higher than switches
where the RF path completely sandwiches the phase change
layer. From this analysis, it is expected that the power han-
dling 1 dB compression point (P, ;5), and third-order input
intercept point (IIP;) performance of the presented switches
outperform the performance of conventional directly heated
vias. The P,z and IIP; of the switch are measured at both
states to verify the power handling. The worst case P, j; is
verified to be above 20 dBm (the maximum input power is
tool limited). The ON-state IIP; is measured to be 30.5 dBm
at 2 GHz with frequency offset of 50 kHz. OFF-state 1P,
value is also >30 dBm. As expect, the IIP; of this switch is in
fact higher than conventional directly heated switches in
which the RF input/output sandwich the phase change layer.

FIG. 7 is an alternative embodiment for an RF switch 100.
In this arrangement, the RF electrodes 11, 12 are placed above
and below the phase change element 13, respectively to form
a vertical RF signal path. Conversely, the two heater elec-
trodes 14, 15 are arranged laterally on opposing side of the
phase change element 13 to form a lateral heating path.
Except with respect to these differences, the RF switch 100
may be substantially the same as RF switch 10, including
variations thereof, as described above.

The foregoing description of the embodiments has been
provided for purposes of illustration and description. It is not
intended to be exhaustive or to limit the disclosure. Individual
elements or features of a particular embodiment are generally
not limited to that particular embodiment, but, where appli-
cable, are interchangeable and can be used in a selected
embodiment, even if not specifically shown or described. The
same may also be varied in many ways. Such variations are
not to be regarded as a departure from the disclosure, and all
such modifications are intended to be included within the
scope of the disclosure.

The terminology used herein is for the purpose of describ-
ing particular example embodiments only and is not intended
to be limiting. As used herein, the singular forms “a,” “an,”
and “the” may be intended to include the plural forms as well,
unless the context clearly indicates otherwise. The terms
“comprises,” “comprising,” “including,” and “having,” are
inclusive and therefore specify the presence of stated fea-
tures, integers, steps, operations, elements, and/or compo-
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nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, and/or groups thereof. The method steps, pro-
cesses, and operations described herein are not to be con-
strued as necessarily requiring their performance in the par-
ticular order discussed or illustrated, unless specifically
identified as an order of performance. It is also to be under-
stood that additional or alternative steps may be employed.

When an element or layer is referred to as being “on,”
“engaged to,” “connected to,” or “coupled to” another ele-
ment or layer, it may be directly on, engaged, connected or
coupled to the other element or layer, or intervening elements
or layers may be present. In contrast, when an element is
referred to as being “directly on,” “directly engaged to,”
“directly connected to,” or “directly coupled to” another ele-
ment or layer, there may be no intervening elements or layers
present. Other words used to describe the relationship
between elements should be interpreted in a like fashion (e.g.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” etc.). As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items.

Although the terms first, second, third, etc. may be used
herein to describe various elements, components, regions,
layers and/or sections, these elements, components, regions,
layers and/or sections should not be limited by these terms.
These terms may be only used to distinguish one element,
component, region, layer or section from another region,
layer or section. Terms such as “first,” “second,” and other
numerical terms when used herein do not imply a sequence or
order unless clearly indicated by the context. Thus, a first
element, component, region, layer or section discussed below
could be termed a second element, component, region, layer
or section without departing from the teachings of the
example embodiments.

Spatially relative terms, such as “inner,” “outer,”
“beneath,” “below,” “lower,” “above,” “upper,” and the like,
may be used herein for ease of description to describe one
element or feature’s relationship to another element(s) or
feature(s) as illustrated in the figures. Spatially relative terms
may be intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the example
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

What is claimed is:

1. An RF switch having two ports, comprising:

a substrate;

a bottom heater electrode disposed onto a surface of the
substrate;

a phase change material disposed onto the bottom heater
electrode;

an input electrode and an output electrode disposed on
opposing sides of the phase change material and oper-
able to form a conductive path for an RF signal through
the phase change material; and

a top heater electrode disposed onto the phase change
material, wherein the top and bottom heater electrodes
are configured to draw a current through the phase
change material in a direction transverse to the conduc-
tive path.
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2. The RF switch of claim 1 wherein the top heater elec-
trode and the bottom heater electrode each having at least one
dimension that narrows from both sides as it approaches a
center of the phase change material, thereby concentrating the
heat on the phase change material.

3. The RF switch of claim 1 wherein at least one of the top
heater electrode and the bottom heater electrode having shape
of'a bow tie.

4. The RF switch of claim 1 wherein at least one of the top
heater electrode or the bottom heater electrode overlaps with
atleast a portion of the input electrode and at least a portion of
the output electrode and the at least one top heater electrode or
the bottom heater electrode is electrically separated by the
phase change layer from the overlapped portions of the input
electrode and the output electrode.

5. The RF switch of claim 1 further comprises a passivation
layer disposed between the bottom heater electrode and the
substrate.

6. The RF switch of claim 1 wherein the phase change
material is further defined as germanium telluride.

7. The RF switch of claim 1 wherein the input electrode and
the output electrode abut opposing side surfaces of the phase
change material, such that a portion of the input electrode and
aportion of the output electrode protrude into side surfaces of
the phase change material.

8. The RF switch of claim 1 wherein the input electrode and
the output electrode are comprised of gold and the top heater
electrode and the bottom heater electrode are comprised of
titanium nitride.

9. The RF switch of claim 1 further comprises a protection
layer disposed on the top heater electrode and the phase
change material.

10. An RF switch having two RF ports, comprising:

a substrate;

a bottom heater electrode disposed onto a surface of the
substrate and configured to concentrate heat at a center
of the bottom heater electrode;

a phase change material disposed onto the bottom heater
electrode;

an input electrode disposed on the phase change layer and
configured to conduct an RF signal;

an output electrode disposed on the phase change layer and
configured to conduct an RF signal, wherein the input
electrode and the output electrode abut opposing side
surfaces of the phase change material; and

a top heater electrode disposed onto the phase change
material and configured to concentrate heat at a center of
the top heater electrode, wherein the top and bottom
heater electrodes are operable to draw a current through
the phase change material in a direction transverse to a
conductive path through the phase change material for
the RF signal.

11. The RF switch of claim 10 wherein a portion of the
input electrode protrudes into the phase change material and
a portion of the output electrode protrudes into the phase
change material.

12. An RF switch having two ports, comprising:

a substrate;

a bottom RF electrode disposed onto a surface of the sub-

strate;

aphase change material disposed onto the bottom RF elec-
trode;

two heater electrodes disposed on the phase change mate-
rial, wherein the two heater electrodes are arranged on
opposing sides of the phase change material and form an
electrical heating path therethrough; and
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a top RF electrode disposed onto the phase change mate-
rial, wherein the top and bottom RF electrodes are con-
figured to form an RF conductive path which is trans-
verse in relation to the electrical heating path.

13. The RF switch of claim 12 wherein the two heater
electrodes each having at least one dimension that narrows
from both sides as it approaches a center of the phase change
material, thereby concentrating the heat on the phase change
material.

14. The RF switch of claim 12 wherein at least one of the
top RF electrode or the bottom RF electrode overlaps with at
least a portion of the two heater electrodes and the at least one
top RF electrode or the bottom RF electrode is electrically
separated by the phase change layer from the overlapped
portions of the two heater electrodes.

15. The RF switch of claim 12 further comprises a passi-
vation layer disposed between the bottom RF electrode and
the substrate.

16. The RF switch of claim 12 wherein the phase change
material is further defined as germanium telluride.

17. The RF switch of claim 12 wherein two heater elec-
trodes abut opposing side surfaces of the phase change mate-
rial, such that a portion of each heater electrode protrude into
side surfaces of the phase change material.

18. The RF switch of claim 12 wherein the top RF electrode
and the bottom RF electrode are comprised of gold and the
two heater electrodes are comprised of titanium nitride.

19. The RF switch of claim 12 further comprises a protec-
tion layer disposed on the top RF electrode and the phase
change material.
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